The brain is normally sequestered from antibody exposure by the blood brain barrier. However, antibodies can access the brain during fetal development before the barrier achieves full integrity, and in disease states when barrier integrity is compromised. Recent studies suggest that antibodies contribute to brain pathology associated with autoimmune diseases such as systemic lupus erythematosus and neuromyelitis optica, and can lead to transient or permanent behavioral or cognitive abnormalities. We review these findings here and examine the circumstances associated with antibody entry into the brain, the routes of access and the mechanisms that then effect pathology. Understanding these processes and the nature and specificity of neuronal autoantibodies may reveal therapeutic strategies toward alleviating or preventing the neurological pathologies and behavioral abnormalities associated with autoimmune disease.
Introduction
There has been much recent study of genetic variants that contribute to abnormal cognition or behavior. While this has been a fruitful area of investigation, there is growing evidence that environmental triggers, perhaps in conjunction with genetic risk factors, are also important in both early-and late-onset disturbances in brain function [1] . In particular, perturbations in both the innate and the adaptive immune system can alter brain development in the fetus as well as brain function in the adult [2, 3] . Two major classes of immune effector molecules -cytokines and antibodies -have been demonstrated to affect brain development and brain function [3] [4] [5] . In particular, our appreciation of the spectrum of antibodies with this potential keeps growing. It is now appreciated that brain-reactive antibodies can arise as a result of autoimmune disease or as an untoward consequence of an antimicrobial response. Autoimmune diseases such as systemic lupus erythematosus (SLE) and neuromyelitis optica (NMO) are characterized by brain-reactive serology and Sydenham's chorea, which develops after exposure to group A Streptococcus, is characterized by so-called signaling autoantibodies -antistreptococcal antibodies that are cross reactive with dopamine receptors [6, 7] . Brain-reactive antibodies may also be a feature of paraneoplastic syndromes, arising through cross reactivity with tumor antigens.
Here we review the current understanding of the impact of antibodies on brain development and function. We examine the settings in which antibodies are able to access the 'immune-privileged' environment of the central nervous system (CNS) and the routes used for this access. In the context of autoimmune disease, we discuss the known neuronal targets of antibodies and the antibody-mediated effector mechanisms that mediate brain pathology. We center this discussion on two autoimmune diseases -SLE and NMO -presenting these as paradigms for the study of the potential contribution of antibodies to congenital and acquired brain disease. A deeper understanding of the nature and specificity of neuronal autoantibodies, and the circumstances and ways in which these antibodies access the CNS, should enable new therapeutic strategies toward alleviating or preventing the neurological pathologies and behavioral abnormalities associated with autoimmune disease.
The Blood-Brain Barrier (BBB)
The BBB is the major interface between molecules in the circulation and the brain. Its architecture was recently described as a two-walled moat surrounding the brain [8, 9] that separates blood from interstitial fluid. It comprises endothelial cells tightly linked by specialized proteins that form the tight junction. Astrocytes lay down a basement membrane (glia limitans) in which pericytes reside. The endothelial barrier and the glia limitans help control the composition of the interstitial fluid in the brain and help shield the brain from the surrounding interstitial fluid. Barrier properties are most restrictive in the capillaries and are less so in the venules. Perivascular macrophages sample the cerebrospinal fluid (CSF) in the space between the astrocytic and endothelial basement membrane, within post-capillary venules. They harbor phagocytic properties and might have important implications as antigen-presenting cells.
The blood-CSF barrier (BCSFB) separates blood from the CSF and is formed by epithelial cells of the choroid plexus, which possess unique apical tight junctions. In addition to serving a barrier function, the choroid plexus epithelial cells secrete CSF. This architecture permits a continuous interchange of CSF and interstitial fluid and has been recently named the glymphatic system [10] . The finding of functional lymphatic vessels that connect the CSF with the deep cervical lymph nodes allows passage of immune cells and immune molecules into the CNS [11, 12] .
The BBB begins to be formed early in embryonic development, following neovascularization of the neural tube at embryonic day 10.5 (E10.5) [13] . There are many studies that have investigated the timing of BBB development during embryogenesis [14] . It is clear that even during the very early stages of brain development there is a limitation on the transit of molecules from the blood to the brain parenchyma that is more restrictive than that in other tissues. Our own studies, however, demonstrate that, in mouse, the BBB is not fully impenetrable to IgG until ~ E17.5 when there is almost total exclusion of IgG in the brain [15] . Presumably a similar window of vulnerability to IgG exists for the developing human brain [16] . Thus, there is a short window during the second trimester of gestation when maternal IgG crosses the placenta to enter the fetal bloodstream and may access the brain parenchyma. After this brief developmental window, the barrier prohibits IgG access to the brain. We have demonstrated that aspects of maternal physiology can impair the development of a competent BBB in the fetus. For example, female mice lacking gut microbiota harbor fetuses that never develop a proper BBB, and even as adults the offspring have leaky barrier properties. Reconstitution of the adult offspring with a gut microbiome leads to proper maturation of the BBB [15] . The spectrum of maternal abnormalities that cause either transient or permanent deficiency in BBB integrity is unknown.
The BBB is a dynamic structure and contact with various molecules can alter barrier integrity. Mechanisms for altering the barrier function include altering the integrity of the tight junctions between the endothelial cells or affecting the capacity of the endothelial cells to internalize molecules through receptor-mediated internalization; for example, in the transport of cytokines or chemokines [17] . Interestingly, many molecules that impair barrier integrity are soluble mediators released during inflammation. In sepsis, characterized by dramatic activation of an innate immune response, it is well documented that there is a massive breakdown in barrier integrity [18] . Because imaging studies of the BBB remain relatively insensitive to small changes in barrier function, we do not know whether chronic inflammatory diseases characterized by a lower level of inflammatory mediators in the plasma might be associated with a low-level, but chronic, barrier breach that might have clinical consequences. It is well documented that barrier modulators include bacterial and viral infection, systemic inflammation, trauma, brain ischemia, and stress, as well as specific agonists of endothelial receptors like nicotine, caffeine, and cocaine [19] . The exact mechanisms by which each of these conditions alters barrier integrity are unknown, although many would appear to alter the integrity of the tight junctions. Two additional aspects of BBB function need to be mentioned. First, insults causing inflammation within the brain, with activation of the inflammatory properties of microglial cells, can also impair barrier integrity. Second, the microvascular endothelial cells of the brain are specifically designed to shield the brain from IgG and have transport receptors for immunoglobulin, the neonatal FCR (FcRn), usually located at the luminal surface of the endothelial cell and responsible for transporting IgG into tissue at the abluminal surface, where it functions to transport IgG out of the perivascular space and interstitial fluid. Under healthy conditions, IgG is removed from the CNS by reverse transcytosis across the BBB [20] , mediated by the FcRn [21] . When the BBB is compromised, net influx of IgG is increased such that FcRns are saturated, resulting in accumulation of IgG in the parenchyma (Figure 1 ).
There are also reports of impaired barrier integrity with aging, Alzheimer's disease, and atherosclerosis [22] . ApoE-deficient mice, an important model of both atherosclerosis and Alzheimer's disease, exhibit a BBB that is leaky to small molecules and in some cases to IgG [23] [24] [25] . Given the growing list of conditions with altered BBB function, it is probable that we will continue to identify even more conditions associated with altered BBB properties. Whether antibody can enter the brain without traversing tight junctions is not established, although the mechanism of transcytosis has been exploited for therapeutic antibody delivery in model systems [26] .
By contrast, only a few mechanisms are known to maintain BBB integrity. Glucocorticoids appear to support barrier properties [27] , as do interferons [28] [29] [30] . Type 1 interferon prevents barrier disruption through multiple mechanisms. It reduces neutrophil invasion following inflammatory insults and diminishes their production of matrix metalloproteinase 9 (MMP9) [31] . It also increases expression of ecto-5′-nucleotidase (CD73) on endothelial cells, thereby increasing the local concentration of adenosine, an anti-inflammatory molecule [32] . The therapeutic efficacy of β-interferon in multiple sclerosis may in part reflect its effects on barrier integrity [33] .
Studies in rodent models have demonstrated that the BBB is not a homogeneous structure and that receptors for modulators of barrier integrity are present at different densities on the lumen of endothelial cells in different regions of the brain. For example, we have demonstrated that systemic administration of bacterial lipopolysaccharide (LPS) will permit IgG to access primarily the hippocampus [34, 35] while systemic administration of epinephrine will expose cells mainly in the amygdala to blood-borne substances [36] . It is possible that the regional distribution of TLR4 and TLR5 may mediate the specific hippocampus impairment by LPS [37], while epinephrine might cause a selective leak of the BBB by increasing differentially the cerebral blood flow in the amygdala [38] and therefore induce changes in vascular permeability [39] . Insufficient information currently exists on the regional distribution of TNF receptors, complement component receptors, and others that modulate BBB integrity. The regional specificity of BBB compromise allows the same circulating antibody to have different effects on brain function depending on the region of exposure to antibody. In addition, certain areas of the brain -the circum ventricular organslack an intact BBB and thus might be important regions for antibody passage [40] . 
Antibodies in the Adult Brain
Over the past decade, several antibodies have been described that bind to various extracellular or intracellular CNS antigens (Table 1, Key Table) . For example, a substantial number of patients with neoplasms that trigger production of antibodies to oncofetal proteins and elicit neuromuscular symptoms also suffer cognitive impairment associated with antibodies that bind to neuronal antigens (for a review see [3] ). In many of these patients, the development of antibodies is secondary to the presence of a primary tumor that expresses neuronal antigens. Antibodies that bind brain antigen are also present in patients with autoimmune disease, including celiac disease, type 1 diabetes, and thyroiditis [43] [44] [45] . Many of these appear to bind antigens that are not restricted to the brain or to bind antigens in other organs and crossreact with brain antigens. In many patients, there is no discernible brain pathology but increasingly there is awareness that these diseases may be associated with cognitive impairment. Whether, and to what degree, antibodies are responsible for the neurocognitive symptoms requires further study.
For the present discussion, we focus on SLE and NMO, two autoimmune diseases that have been shown to be B cell dependent [46, 47] . Neuropsychiatric SLE (NPSLE) is characterized by autoantibodies directed against neuronal antigens in at least a substantial group of patients. These include anti-N-methyl-D-aspartate (NMDA) receptor (NMDAR) antibodies, which are a cross reactive subset of anti-DNA antibodies, the hallmark autospecificity in SLE, and antiribosomal P protein (anti-P) antibodies. Both of these antibody specificities can induce NPSLE in mice [35, 36, 48] . By contrast, as we further discuss in below, in NMO antibodies are directed against antigen on glial cells.
Autoantibodies in SLE and the Induction of Behavioral Abnormalities
Anti-DNA/NMDAR Antibodies SLE patients are known to harbor autoantibodies of multiple specificities, such as antiphospholipid, anti-Ro, and anti-DNA antibodies. Anti-DNA antibodies are the most common autospecificity in SLE [49] . A subset of anti-dsDNA autoantibodies has been demonstrated to crossreact with the NMDAR (anti-DNA/NMDAR antibody) [50] . The NMDAR is a glutamate receptor and ion channel protein found in nerve cells. Glutamate is a major excitatory neurotransmitter in brain involved in synaptic plasticity and memory function. The anti-DNA/NMDAR antibodies bind to the GluN2A and GluN2B subunits of the NMDAR, which contain the consensus peptide sequence D/E-W-D/E-Y-S/G (DWEYS) [51] . Bothmurine and humananti-DNA/NMDAR antibodies, the latter cloned from B cells of SLE patients, cause dose-dependent excitotoxic neuronal death when injected directly into the hippocampus [50, 52] of a non-autoimmune, unmanipulated mouse. The anti-DNA/ NMDAR antibodies preferentially bind the active receptor, presumably prolonging the time during which the channel is open to calcium influx [52] . Over stimulation of the NMDAR leads to a high influx of calcium into the cell, causing neuronal dysfunction and cell death.
BALB/c mice immunized with the DWEYS peptide in a multimeric configuration (MAP-DWEYS) produce anti-DNA/NMDAR antibodies [50] . Despite the presence of anti-DNA/ NMDAR antibodies in the serum of these mice, there is no detectable binding to neurons or damage in neurons of the brain that could be detected in histologic analyses. In this model, a breach in the integrity of the BBB is required for antibody to access brain tissue and affect neuronal function and viability. LPS injection as a surrogate for infection leads to the extravasation of the antibody into the hippocampus and, consequently, focal neuronal loss and cognitive deficits [35] . By contrast, epinephrine injection in mice as a surrogate for stress allows antibody to penetrate the amygdala, and neuronal loss in that region leads to emotional disturbances that can be assessed in studies of the response to aversive stimuli [36] . These data show that regional disruption of the BBB is dependent on the agent used to modify the BBB and, thus, that the same antibody can cause variable behavioral changes.
Two weeks post-BBB breach, FDG-PET imaging of MAP-DWEYS-immunized mice revealed lowered glucose uptake, a surrogate for metabolic activity, in the hippocampus or amygdala, respectively, compared with the baseline signal, whereas control mice immunized with MAP only and given LPS showed heightened glucose uptake [53] . At 4 weeks post-BBB breach, both groups exhibited increasing glucose uptake in the affected region. In control mice, glucose uptake was directly related to neuron number, while in mice with anti-DNA/NMDAR antibodies there was an inverse relationship between neuron number and metabolism. The increase in glucose uptake that occurs between 2 and 4 weeks post-BBB breach in mice harboring the lupus-like antibodies is thought to reflect enhanced synaptic and/or glial activation. Importantly, hippocampal increase in glucose uptake is commonly seen in SLE patients [54] subjected to FDG-PET imaging, suggesting that they might also have sustained glial activation.
Most recently, we have demonstrated that there are late sequelae of anti-DNA/NMDAR antibody penetration of the hippocampus [55] . After antibody can no longer be detected in brain tissue, neurons in the hippocampus undergo a loss of dendritic processes. Hippocampal neurons possess place-cell activity and are responsible for generating spatial maps of the environment. Each neuron fires when the mouse is in a particular location (place field). Two to four weeks after antibody penetrates the hippocampus and cues the acute death of some neurons, surviving neurons display decreased dendritic complexity and enlarged place-field size along with diminished spatial memory. We speculate that the alteration in dendritic processes may also reflect glial activation [55] .
Many reports have indicated an association of autoantibodies with the mechanism of psychiatric manifestations in human SLE patients. In some studies, anti-DNA/NMDAR antibodies are elevated in serum from patients with active non-focal NPSLE [56, 57] , such as confusional state or psychosis. However, in other studies the presence of these antibodies in serum was not associated with active diffuse NPSLE [58] [59] [60] [61] [62] [63] . These results suggest that when anti-DNA/NMDAR antibodies are present only in serum they do not mediate neuropsychiatric manifestations. However, the level of anti-DNA/NMDAR antibodies in the CSF was significantly elevated in patients with active non-focal NPSLE compared with NPSLE patients with focal NPSLE or patients with noninflammatory disease in the CNS [63] . These results suggest that the direct access of pathogenic autoantibodies to the CNS is a key factor for the development of neuropsychiatric manifestations in SLE. In SLE, antibodies appear to access the brain secondary to BBB compromise, which can be assessed by the presence of albumin in the CSF [64] . There is little evidence for infiltration of antigen-specific B cells into the brain parenchyma.
Interestingly, anti-DNA/NMDAR antibodies have been reported to react with human umbilical vein endothelial cells, resulting in the production of inflammatory cytokines [65] . Thus, anti-DNA/NMDAR antibodies might directly damage brain vessels and contribute to the breakdown of the BBB [66] .
Anti-P Antibodies
Anti-P antibodies were first identified by binding to the C-terminal regions of three ribosomal P proteins (P1, P2, and P0) [67] . The binding site on the ribosomal proteins has been characterized and termed the P epitope. Recently these antibodies were shown to crossreact with a high molecular weight integral plasma membrane protein of unknown function called neuronal surface P antigen (NSPA), which possesses a P epitope at the cell surface [66] and is expressed exclusively in neurons. Passive transfer experiments in mice showed that anti-P antibodies isolated from SLE patients induced smell alterations [68] , depression-like manifestations [69] , and memory impairment [48] . Immunohistochemistry analyses of NSPA expression patterns in the brain revealed that NSPA is present in multiple areas, including the cortex, amygdala, and hippocampus, and is expressed exclusively in neurons [70] . When added to primary neuron cultures, anti-P antibody induces calcium influx followed by apoptosis; similarly, direct injection of anti-P antibodies into the brain of normal mice results in neuronal death through an excitatory glutamatergic pathway [66] .
Anti-DNA/NMDAR antibodies and anti-P antibodies both recognize neuronal cell surface antigens that enhance glutamate-induced neuronal activation, but they act through different mechanisms. At low concentrations, anti-DNA/NMDAR antibody increases excitatory postsynaptic potentials (EPSPs) by directly interacting with an epitope of NMDAR that becomes accessible in the open channel configuration once the Mg 2+ plug has been removed. At higher concentrations, an excess of calcium flux into the cell leads to neuronal death [52] . By contrast, anti-P antibody enhances glutamatergic transmission in the presence of Mg 2+ through a mechanism mediated by NSPA and involving the α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPAR) and NMDAR activation [70] . Like anti-DNA/NMDAR antibodies, intravenously injected anti-P antibodies impaired memory function in mice after LPS administration [70] . Anti-P antibodies can potentiate the pathogenic effects of anti-DNA/NMDAR, promoting the active configuration of the NMDAR, and the concomitant presence of both antibodies might constitute another factor in brain dysfunction variability.
Anti-P antibodies are major autoantibodies that are present in the serum of 40-50% of active non-focal NPSLE patients [71, 72] . In vitro, anti-P antibodies from patients with diffuse NPSLE can directly react with the surface of human peripheral blood monocytes, which results in TNF-α production [73] . Therefore, anti-P antibodies could be associated with auto antibody-mediating inflammation in the CNS through the mechanism of BBB rupture by monocyte-derived TNF-α with or without infiltration of activated macrophage into CNS [73] . Accordingly, anti-P antibodies might also activate the immune system, access the CNS, and directly damage neurons in SLE patients [48, 73] .
Taken together, these findings suggest that two phases are required for the development of neuropsychiatric or neurocognitive manifestations in human lupus patients. The first phase involves the direct access of pathogenic autoantibodies to the CNS, mainly as a consequence of influx from the systemic circulation to the CNS following the breakdown of the BBB. The second phase involves either direct or microglia-mediated damage of neurons by autoantibodies in the CNS. It should also be noted that whereas anti-DNA/NMDAR and anti-P antibody specificities have been studied extensively, other brain-reactive antibodies have been reported in SLE [74] . Furthermore, there is a growing awareness that antibodies implicated in other autoimmune diseases may crossreact with brain targets. For example, antigliadin antibodies present in patients with celiac disease have been shown to crossreact with antigens expressed by Purkinje cells in the cerebellum [75] and to bind to neuronal synapsin I [44] . Thus, the paradigm described above for anti DNA/NMDAR and anti-P antibodies may hold true for antibody-associated neuropsychiatric and neurocognitive impairment in many autoimmune diseases.
NMO: Cognitive Impairments Resulting From Antibodies Targeting Non-

Neuronal Cells
Brain-reactive antibodies that bind to non-neuronal cells can also alter neuronal viability or function through mechanisms that are not yet well described. Antibodies that result in glial cell death can impair neuronal survival. Patients afflicted with the autoimmune disease NMO have antibodies directed against astrocytes in their serum [76] . Lennon and colleagues [77] discovered that these astrocyte antibodies in patients with NMO bind the antigen aquaporin-4 (AQP4), a water channel protein that is expressed on astrocytic foot processes surrounding blood vessels and that controls the flow of water in and out of the brain. A pathogenic role of AQP4 antibodies was first suggested due to pathologic findings of a massive deposition of antibody and complement components surrounding blood vessels [78] . The mechanism through which the loss of astrocytes leads to demyelination and neuronal loss is not fully understood; however, there is emerging evidence that astrocytes can regulate myelination [79] , maybe by modulating the function of oligodendrocytes. Alternatively, ex vivo data suggest that patients' antibodies that target astrocytes can damage oligodendrocytes secondarily, possibly due to a bystander effect caused by glutamatemediated excitotoxicity [80] .
Serum AQP4 antibodies can help in diagnosing the disease at an early stage and thereby can enable early treatment. This is particularly important as NMO can closely resemble other diseases such as MS, which often require different treatment approaches [81] . Confirming the importance of autoantibodies in NMO pathology, antibody-or B-cell-depleting treatment is beneficial for NMO patients, whereas β-interferon, commonly used for treating MS, can exacerbate the disease [81] . Clinical assays for detection of AQP4-IgG have high sensitivity and specificity and thus antibody serology is included as a diagnostic criterion for NMO [82, 83] . Approximately 70-90% of NMO patients are seropositive for AQP4-IgG [84, 85] and this range is thought to depend on differences in the detection assays. AQP4-IgG recognizes conformational epitopes and therefore antibodies can be detected with the highest sensitivity and specificity with cell-based assays using a transfected cell line expressing AQP4 on the cell surface [86] [87] [88] .
NMO was initially described as a disease that selectively targets astrocytes in the optic nerve and spinal cord and spares the brain [89] ; however, brain MRI abnormalities are very commonin patients with AQP4-IgG [90] and brain lesions are found in areas of high AQP4 expression, most prominently in the grey matter. NMO patients exhibit cognitive impairment and cortical neuronal loss [91] .
Intravenous injection of AQP4-IgG into rodents, without disrupting the BBB, does not result in a neuropsychiatric phenotype [47] . This finding is consistent with the observation that AQP4-IgG can be detected in the serum of NMO patients many years before the full onset of the disease [92] . However, the inflammatory setting that leads to the breach of the BBB in NMO is not well understood. It is also unclear how the antibodies exert their pathologic effect. Some studies have suggested that AQP4 antibodies damage the brain in concert with pathogenic T cells; other studies suggest that complement-or antibody-dependent cellular cytotoxicity is the critical mechanism [93] [94] [95] . In vivo models of NMO require either induction of experimental autoimmune encephalitis (EAE) to activate the BBB-disrupting pathogenic T cells reactive to antigens expressed in the brain [47, 96] or direct intracerebral injection of antibodies together with human complement to mediate CNS injury [97] . It is possible that there is not a single mechanism of BBB insult in NMO. Different mechanisms of BBB compromise might be specific to distinct regions of the brain or spinal cord and thus might correlate with the heterogeneous pattern of lesions that have been described in NMO [98] . Moreover, some mechanisms might permit only IgG to enter the brain, as we have seen in our LPS-induced model of BBB compromise, while others, such as EAE induction, permit cellular entry and in situ production of IgG [99, 100] . Evidence, albeit rare, supporting the latter model comes from the identification of transient oligoclonal IgG bands in the CSF of some patients [93] , suggesting that the antibodies in the CSF may be made from B cells residing in brain parenchyma where they might locally produce antibodies, as in MS.
In vivo models differ in terms of where the breach of the BBB occurs and the time it takes for this to occur. For example, the choice of antigen-specific T cells for in vivo NMO/EAE models results in different regional brain lesions and varying disease severity [101] . Whether specific brain-reactive T cells, perhaps AQP4-reactive T cells [94, 102, 103] , are necessary to initiate or propagate the disease remains unresolved [94, 102] . However, T cells are present in brain lesions of NMO patients [101] . A role for cytokines has been demonstrated by injecting cytokines directly into the striatum of AQP4-seropositive rats [104] . IL-1β was the only cytokine capable of inducing NMO lesions outside the needle track. Interestingly, IL-1βb is also found in active human NMO lesions [104] . These rodent NMO models partially mimic human disease, specifically the initial stages of the disease [105] .
Overall, these studies demonstrate that antibodies capable of causing brain pathology can remain in the circulation for a long period of time. Providing they do not penetrate the BBB, there are no CNS sequelae. Mechanisms of BBB breach in the adult organism can permit soluble molecules to penetrate the brain parenchyma or cells as well as soluble molecules. The mechanism, and the location, of BBB breach depends on the particular stressor. Once antibodies penetrate the CNS, they may alter brain function through damaging cells, either neurons or glial cells, or through altering cell function. Finally, there are both immediate and late sequelae of antibody exposure. The availability of appropriate animal models is critical as studies of patients may be confounded by cohorts that express similar antibodies but differ with respect to mechanism of barrier breach and disease state.
Maternal Antibodies and the Fetal Brain
During pregnancy, the placenta provides a barrier between the maternal and fetal circulation while simultaneously allowing the transfer of a wide range of substances to the fetus, including nutrients. Among these factors are maternal IgG molecules, which start to cross the placenta around the second trimester and provide the developing fetus with humoral immunity, since the fetal immune system is immature at this stage (for a review see [106] ). Nevertheless, there are circumstances in which placental transmission of antibodies is deleterious to the infant. For example, neonatal lupus is a rare disorder in which maternal anti-Ro/SSA and/or -La/SSB antibodies can lead to transient symptoms including skin rash, liver problems, or low blood cell counts that typically disappear after 6 months with no lasting effects [107] . These antibodies can also lead to congenital heart block with a permanent structural heart defect [107] . Transient and/or permanent tissue injury secondary to maternal antibodies has also been reported in myasthenia gravis [108] , antiphospholipid syndrome, and other autoimmune diseases [109] .
Once maternal IgG crosses the placenta, the antibodies can penetrate all tissues including the developing brain. Importantly, although the mature BBB prevents IgG entry into the adult CNS, in the fetus IgG can penetrate the brain [15] , potentially through an immature BBB, through the blood-CSF barrier, or perhaps through the vascular fenestration in the circum ventricular organ. In mice, we have recently confirmed that the brain is accessible to maternal antibodies from E13.5 to E16.5 [15] . Maternal autoantibodies in patients afflicted with SLE and NMO have been shown to affect fetal neurodevelopment, as we discuss below. In addition, we discuss the evidence for a role for maternal antibodies in autism spectrum disorder (ASD).
Maternal Autoantibodies in SLE
Several studies have suggested that children, particularly the sons of mothers with SLE but not fathers, are at increased risk for learning disabilities [110] [111] [112] [113] . Other epidemiologic studies suggested that children born to mothers with SLE have, in general, a higher risk of neurodevelopmental disorders, including ASD [114] . Studies in mice have further sustained a potential link between exposure to SLE and neurodevelopmental disorders. We showed cortical abnormalities in fetuses exposed in utero to monoclonal anti-DNA/NMDAR IgG cloned from an SLE patient [115] . Moreover, we studied a mouse model in which dams harbor anti-DNA/NMDAR-specific autoantibodies throughout gestation to demonstrate that fetal brain exposed to high titers of anti-DNA/NMDAR antibodies showed increased neuronal cell death, abnormal neuronal proliferation, and thinning of the cortical plate. Live offspring in these studies showed delayed reflexes as neonates and cognitive impairments in cortex-dependent tasks as adults [115] . Interestingly, these developmental effects were evident primarily in male offspring, as exposure in utero to high titers of anti-DNA/NMDAR antibodies led to a preferential loss of female fetuses, apparently due to the apoptotic effects mediated by these antibodies on neurons expressing GluN2A in the midbrain. GluN2A is expressed earlier in female compared with male midbrain and mice lacking GluN2A exhibited no fetal loss in this model [116] . Interestingly, it was recently confirmed that mothers with SLE are more likely to have a male child [117] . This finding further supports the hypothesis that maternal antibodies may have gender-specific effects on brain development.
It should be mentioned that additional maternal anti-NMDAR antibodies against GluN1 have been described as leading to cortical dysplasia in offspring in NMDA encephalitis [118] .
ASD
The possibility that maternal autoantibodies can lead to a subset of ASD has been entertained for more than a decade. Several investigators have identified the presence of 
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antibodies that bind to human fetal brain tissue in a subset of women who have children with ASD [119] [120] [121] [122] .
In the largest study that has been performed so far, including 2789 mothers of an ASD child, we have shown that brain-reactive antibodies are present at higher frequency in mothers of an ASD child. Among mothers of an ASD child, 10.5% harbor antibodies with strong reactivity to mouse-brain antigens, compared with 2.6% of unselected age-matched women [119] . When researchers gave these antibodies to pregnant mice and monkeys, they caused abnormal behavior in their offspring including increased motor activity, stereotypic behavior, anxiety-like behavior, and alterations in sociability [123] [124] [125] [126] [127] [128] . A recent study showed prenatal exposure to antibrain antibodies also alters neuronal proliferation and brain size [129] .
Unlike the offspring of SLE mothers, who have a pre-identified medical condition, in ASD the mothers may have no obvious autoantibody-related pathology; however, brain-reactive antibodies appear to be more common in women with autoimmune disease. Atladóttir and colleagues have shown that mothers with rheumatoid arthritis or celiac disease have an almost double increased risk of having a child with ASD [130] . Our own study associated the presence of maternal antibrain antibodies with increased autoimmune disease in mothers of a child with ASD [119] .
The specificity of the brain-reactive antibodies associated with ASD is an area of active investigation [120] . Several neuronal antigens expressed in the developing brain have already been suggested as possible targets [120] . Given the heterogeneity of the disease, it is highly likely that different antibody specificities will be associated with distinct symptoms of ASD. For example, Braunschweig and colleagues have shown that maternal serum reactive with a particular molecular weight band on western blots of brain correlated with lower expressive language scores in the affected offspring while reactivity to a different molecular weight band size correlated with increased irritability [131] .
Maternal Antibodies in NMO
In NMO, a disease that affects primarily women of childbearing age, the possible effect of AQP4 antibodies on fetal CNS development has only recently been addressed. During pregnancy, women with AQP4-IgG have a more severe disease, develop preeclampsia more often, and have an increased risk of miscarriage [132, 133] . Case reports have suggested placental inflammation or birth defects in offspring that were exposed in utero to AQP4-IgG [132, 134] . Our own work, with pregnant mice injected intravenously with a single dose of AQP4 antibody isolated from a patient with active NMO, suggests a titer-dependent effect of maternal AQP4-IgG on offspring (S. Mader et al., unpublished). At high titers maternal AQP4-IgG impairs the survival of offspring and at lower titers AQP4 IgG can affect the offspring's brain.
Concluding Remarks
Classical roles for antibodies are to assist in cellular debris removal, to eradicate harmful pathogens, and to neutralize toxins. For the latter two functions especially, a diverse repertoire is required. Although it is clear that antibodies can be responsible for significant brain pathology, we have raised the hypothesis before [3] that negative selection for brain antigens might be deleterious, leaving the host with too narrow an antibody varsity and a diminished ability to protect effectively against infections and toxins. It is notable that diversification of the B cell repertoire occurs after the BBB is formed, limiting the exposure of developing B cells to brain antigens (see Outstanding Questions). This hypothesis predicts that all individuals may develop brain-reactive antibodies as part of a protective immune response and that the BBB serves two important functions. First, it sequesters brain antigens and limits their contribution to negative selection of B cells. Second, it protects the brain whenever antibrain antibodies are made. We therefore speculate that antibrain antibodies may be commonly present in healthy individuals. The purging of the immature B cell repertoire of autoreactive cells occurs in the bone marrow and spleen after the BBB has been formed. All mechanisms of B cell tolerance that we understand to date require that antigen be present and trigger B cell receptor (BCR)-mediated tolerance mechanisms. It is possible, therefore, that many brain-reactive B cells mature to immunocompetence. Usually, these B cells may be of no consequence. Even if they are activated, possibly through cross reactivity with microbial antigens as has been demonstrated for B cells cross reactive with Streptococcus and the dopamine receptor [6, 7] , the antibodies are not able to bind to the brain antigen providing the BBB retains its impermeability to antigen. If, however, the integrity of the BBB is compromised, these antibodies can contribute to alterations in brain function.
Outstanding Questions
What mechanisms regulate the integrity of the BBB?
What approaches can be used to assess barrier integrity in a noninvasive manner?
Are there other autoimmune diseases that exhibit antibodies to neuronal antigens? Are there neuronal pathologies or behavioral abnormalities associated with these diseases?
Are there other infectious diseases where brain pathology and behavioral disorders can be associated with autoantibodies?
What renders a brain susceptible to antibody-mediated injury? Under circumstances where barrier integrity is broken, some individuals do not exhibit brain pathology. What features of the tissue microenvironment and immune cell types determine a pathogenic response? What features of the autoantibodies determine a pathogenic response?
Why do some antibodies appear to selectively target cells in the CNS when they are a response to antigen that is also expressed in peripheral tissue?
The increasing recognition of the potentially damaging impact of brain-reactive antibodies on the developing fetal brain and the adult brain requires that we consider therapeutic strategies to protect the brain. Antibody-depletion strategies such as plasmapheresis are impractical as long-term therapy; B cell depletion or blockade of B cell activation is potentially immunosuppressive. A novel, potentially non-immunosuppressive, strategy is to protect or enhance BBB integrity. Most brain-reactive antibodies that cause pathology in adults appear to enter the brain primarily as soluble molecules; thus, more studies of the mechanisms that regulate the BBB are needed as well as more modalities for noninvasive or minimally invasive assessments of BBB function. Protecting the BBB has the advantage that it does not require knowledge of all pathogenic antigenic specificities.
An alternative strategy might be the use of decoy antigen to neutralize serum antibodies such that they no longer bind to target tissue [135] . The requirement for this strategy is a lack of toxicity or immunogenicity. This approach has been pioneered in ex vivo studies but has not yet been demonstrated to show efficacy in vivo [135] . Its advantage is that it is less likely to perturb other aspects of physiology, is non-immunosuppressive, and does not require knowledge for each disease of how antibodies penetrate the BBB. It is our hypothesis that decoy antigens might be most useful under conditions of transient production of brainreactive antibodies, such as during infection. Teratoma NMDAR (NR2A/NR2B) [141] Renal carcinoma CV2/CRMP5
Pancreatic carcinoma GAD (GAD65, GAD67) Gephyrin [142] Prostate Hu (ANNA1) [147] Ovary Hu (ANNA1), Ri (ANNA2), Yo (PCA1), Zic4 (PCA1) [148] Bladder Hu (ANNA1) [149] Germ cell (testis) Ma [150] Infection Post-streptococcal movement disorders, Sydenham's chorea, and PANDAS Lysoganglioside Dopamine D1 and D2 receptors [6, 7, 151] Autoimmunity (antibodies known to cause disease) NPSLE NR2A/NR2B [50] Neuronal surface P antigen [70] NMO AQP4 [76, 77] ADEM MOG [152] Limbic encephalitis AMPAR (GluR1, GluR2) [141] NMDAR (NR1/NR2B) [153, 154] Rasmussen encephalitis GluR3 [155] Stiff-person syndrome GAD, Gephyrin GABA A , GABA B1 [156] Anti-amphiphysin [157] Celiac 
Trends
Brain-reactive antibodies can arise as a result of autoimmune disease or malignancy or as an untoward consequence of an antimicrobial response.
Maternal antibodies can transfer through the placenta to the developing brain. Consequently, brain-reactive maternal antibodies can affect the developing brain with long-term consequences.
The regional specificity of blood-brain barrier compromise allows the same circulating antibody to have different effects on brain function depending on the region of exposure to the antibody.
Antibodies can mediate brain pathology by varied mechanisms including complement activation, cell cytotoxicity, signal transduction, and targeted protein internalization.
Inflammation, dysfunction of microvascular endothelial cells, and aging can result in disruption of barrier integrity, which in turn can allow the influx of antibodies into the brain. 
Mechanism of Action of Autoantibodies Penetrating Brain Tissue.
Autoantibodies that bind to cell surface proteins on glial cells or neuronal cells can induce complement-mediated cytotoxicity (CDC), which results in the formation of the membrane attack complex (MAC) (A). By contrast, antibody-dependent cell-mediated cytotoxicity (ADCC) is induced by Fc receptor-bearing effector cells that can lyse antibody-coated target cells (B). CDC and ADCC can result in cell death. Antibodies can interfere with the crosstalk of receptor signaling by acting as agonistic, antagonistic, or co-agonistic antibodies (C). Antibodies can cause receptor internalization following binding of their cell surface antigen, which leads to altered antigen density on the cell surface (D). Some brain-reactive antibodies will have no functional effect (E).
